The ATPase valosin-containing protein (VCP)/p97 has emerged as a central and important element of the ubiquitin system. Together with a network of cofactors, it regulates an ever-expanding range of processes that stretch into almost every aspect of cellular physiology. Its main role in proteostasis and key functions in signaling pathways are of relevance to degenerative diseases and genomic stability. In this Cell Science at a Glance and the accompanying poster, we give a brief overview of this complex system. In addition, we discuss the pathogenic basis for VCP/p97-associated diseases and then highlight in more detail new exciting links to the translational stress response and RNA biology that further underscore the significance of the VCP/p97 system.
Introduction
VCP/p97 (also called Cdc48 in yeast and plants, in worms and Ter94 in flies) is a hexameric protein of the AAA (ATPases associated with diverse cellular activities) family, the members of which generally use the energy of ATP hydrolysis to structurally remodel client molecules (Erzberger and Berger, 2006) . VCP/p97 has two ATPase domains, D1 and D2, which are organized as two stacked rings with a central channel, whereas its regulatory N-domain is situated at the periphery of the D1 ring (see poster) (Brunger and DeLaBarre, 2003; Dreveny et al., 2004; Stolz et al., 2011) . Currently, it is unclear whether client protein remodeling involves their full threading through the central channel or partial insertion into the central pore of D1 or D2, or whether it is mediated by movements of the N-domain at the outside of the VCP/p97 hexamer.
Most research connects VCP/p97 to ubiquitin-dependent processes (see Box 1), as it directly and indirectly binds to ubiquitylated substrates and facilitates steps downstream of ubiquitylation (Ye, 2006; Jentsch and Rumpf, 2007; Meyer et al., 2012) . A common theme is that VCP/p97 extracts ubiquitylated proteins from membranes or cellular structures, or segregates them from binding proteins. Importantly, the degree of the requirement for VCP/p97 varies and might depend on substrate localization, structure or solubility (Beskow et al., 2009; Gallagher et al., 2014) . In many cases, VCP/p97 facilitates the degradation of polyubiquitylated substrates in the proteasome. However, VCP/p97 also targets proteins with monoubiquitin or non-degradative ubiquitin chains, and recent examples of the role of VCP/p97 in segregating transcription factors from chromatin and disassembling RNA-protein complexes (see below) cement this notion (Stolz et al., 2011; Meyer et al., 2012; Ndoja et al., 2014) .
The second aspect of VCP/p97 function is its role as an interaction hub, and different sets of at least 30 cofactors have been shown to be responsible for modulating VCP/p97-mediated processes (Schuberth and Buchberger, 2008; Yeung et al., 2008; Meyer et al., 2012) . These cofactors contain specific interaction domains or motifs that bind to VCP/p97 either at its N-terminal domain or C-terminal tail (see poster). Some of these cofactors serve as ubiquitin adaptors or recruit VCP/p97 to intracellular membranes. In addition, VCP/p97 directly or indirectly binds to ubiquitin ligases and deubiquitylating enzymes (DUBs), including a large number of cullin-RING ligases (Alexandru et al., 2008; Sowa et al., 2009) . VCP/p97-associated DUBs and ligases edit the ubiquitin chains on the substrate protein to either improve its targeting to the proteasome or recycle the substrate, thus determining its fate (Jentsch and Rumpf, 2007; Meyer et al., 2012) . Many other cofactors directly interact with VCP/p97, yet they have unknown roles. It will be important to understand their contribution to VCP/p97 function.
With 2.7610 6 copies per HeLa cell (Zeiler et al., 2012) , VCP/ p97 is a highly abundant protein. Its main role in ensuring protein homeostasis is well established, as it facilitates the proteasomal degradation of large cohorts of damaged or misfolded proteins in different compartments including the ER (termed ER-associated degradation or ERAD), the outer mitochondrial membrane and the nucleus, as well as co-translational degradation at the ribosome (see below). Besides its quality control function, VCP/ p97 also governs crucial signaling pathways Yamanaka et al., 2012) . Important examples are the degradation of IkBa (also known as NFKBIA), which leads to NFkB activation (Li et al., 2014) , or degradation of HIF1a, which downregulates the hypoxic response (Alexandru et al., 2008) . In other cases, the function of VCP/p97 is non-degradative; for instance, the extraction of transcription factor precursors from membranes for their subsequent activation, such as has been reported for Spt23, which regulates the expression of the fatty acid desaturase Ole1 in yeast, or Nrf1, which is involved in the homeostatic response (Jentsch and Rumpf, 2007; Radhakrishnan et al., 2014) .
An emerging aspect is the role of VCP/p97 in cell cycle progression and chromatin-associated functions that ensure genomic stability (see poster). VCP/p97 dissociates proteins from chromatin, either for their degradation or for recycling, to modulate the dynamics of chromatin regulators, and the list of substrates that are regulated in this way is growing Vaz et al., 2013) . Currently, prominent examples that illustrate the diversity of functions include the extraction of Aurora B kinase from mitotic chromosomes, degradation of CDT1 and stalled RNA polymerase II in response to UV-induced DNA damage or degradation of DDB2 as part of nucleotide excision repair (Ramadan et al., 2007; Dobrynin et al., 2011; Raman et al., 2011; Verma et al., 2011; Puumalainen et al., 2014) . In response to double-strand breaks, VCP/p97 removes L3MBTL1 and unidentified K48-linked ubiquitin conjugates from damaged sites to orchestrate DNA repair and facilitates CDC25A degradation to enforce the G2/M checkpoint (Acs et al., 2011; Meerang et al., 2011; Riemer et al., 2014) . Whereas these are all functions that are mediated by its heterodimeric adaptor Ufd1-Npl4, VCP/p97 also cooperates with DVC1 (also known as SPRTN) to extract ubiquitylated DNA polymerase g and rescue stalled replication forks (Davis et al., 2012; Mosbech et al., 2012) in human cells. By contrast, VCP/p97 in budding yeast is targeted to the Rad512Rad52 complex by modification of Rad52 with the ubiquitin-like modifier SUMO during homologous recombination, to curb the binding of Rad51 to chromatin (Bergink et al., 2013) . In addition, VCP/p97 promotes the G1/S transition by facilitating Far1 degradation in budding yeast, regulates spindle dynamics and limits the association of Aurora A with centrosomes in nematodes and human cells (Cao et al., 2003; Fu et al., 2003; Kress et al., 2013) .
VCP/p97 has been linked to various membrane trafficking processes, including Golgi reassembly following mitosis (Meyer, 2005) . More recently, it has been shown to control lipid droplet biogenesis (Olzmann et al., 2013) . Importantly, emerging
Box 1. Mechanisms of ubiquitylation and links to VCP/ p97
Ubiquitylation is the post-translational modification of substrate proteins with the small modifier protein ubiquitin (Metzger et al., 2012) . It occurs by the sequential action of three classes of proteins, the ubiquitin-activating enzyme E1, ubiquitin-conjugating enzymes E2, and E3 ubiquitin ligases. The latter mediate substrate specificity and can be classified into HECT-domain ligases that form a thioester intermediate with ubiquitin, or RING or U-box domain ligases that merely recruit a ubiquitin-charged E2 enzyme. Ubiquitin is conjugated through an isopeptide bond to a lysine residue of the substrate. It can serve as monoubiquitin or be extended to create chains through ubiquitylation of one of seven lysines or to produce linear chains at the N-terminal methionine (Weissman, 2001; Kulathu and Komander, 2012) . Whereas lysine-11-and lysine-48-linked chains serve to target substrates for degradation at the proteasome, monoubiquitin and other types of chains have non-degradative functions, such as signaling or DNA repair, or target proteins and larger structures to the lysosome through endolysosomal sorting or autophagy. Whereas VCP/p97 itself has some affinity for ubiquitin, it binds to ubiquitin conjugates largely through adaptor proteins with dedicated ubiquitin-binding domains (see poster) (Ye, 2006) . VCP/p97 has been associated with monoubiquitin, lysine-29, lysine-63 and lysine-48 chains, as well as branched lysine-11/48-linked chains (Ye, 2006; Meyer and Rape, 2014) (and see main text). In addition to ubiquitin, VCP/p97 has been linked to other ubiquitin-like modifiers, Nedd8 and SUMO, which it binds through the UBXD7 and (at least in budding yeast) Ufd1 adaptors, respectively (Meyer, 2012; Bergink et al., 2013) .
evidence connects VCP/p97 to lysosomal protein degradation through its ability to facilitate cargo sorting through the endosomal pathway as well as autophagy (Ju and Weihl, 2010; Bug and Meyer, 2012) . The underlying mechanisms, particularly in autophagy, are still unclear or controversial (Ju and Weihl, 2010; Bug and Meyer, 2012) . However, the evidence supporting it is substantial and suggests a major relevance for VCP/p97-associated disease (see below).
VCP/p97-associated disease and possible mechanisms
Given the crucial role of VCP/p97 in maintaining cellular proteostasis, it is not surprising that autosomal dominant mutations in VCP, the gene encoding VCP/p97, lead to a rare multisystem degenerative disorder previously termed IBMPFD/ ALS (IBMPFD/ALS is an acronym for the four principal phenotypes associated with disease mutations; see Text Box 2) (Watts et al., 2004) . Biochemical studies evaluating a handful of the .30 missense mutations in VCP/p97 have revealed some common but not completely consistent changes. Specifically, pathogenic mutations span the N-terminal half of VCP/p97, and all mutant residues reside in a region at the interface between the N-and D1-domains, suggesting that communication between these two regions is important for disease pathogenesis. Disease-associated mutations do not appear to alter VCP/p97 oligomerization but have been reported to enhance basal ATP hydrolysis, which is mediated through the D2 domain (Weihl et al., 2006; Halawani et al., 2009; Niwa et al., 2012) . However, this does not appear to be a requirement for disease pathogenesis, because it does not occur with all mutations (Niwa et al., 2012) .
Other studies have found that disease-associated mutations might affect the association of VCP/p97 with certain cofactors (Fernández-Sáiz and Buchberger, 2010; Ritz et al., 2011) . This suggests that disease-associated mutations in VCP/p97 do not lead to a global loss of function but, instead, to impairment of a distinct subset of VCP/p97 functions. In accordance with this, VCP/p97-knockout mice are not viable, with early embryonic lethality (Müller et al., 2007 ), yet patients and mice carrying the most common VCP/p97 disease-associated mutation, R155H, develop normally with disease symptoms manifesting late in life (Badadani et al., 2010) . In fact, VCP/p97-associated disease is truly a degenerative disorder with no evidence of developmental abnormalities, such as early cognitive or motor delay . Therefore, it can be surmised that the function of VCP/p97 in mammalian development is preserved with these mutations. This mirrors cell culture studies, in which the expression of VCP/p97 protein carrying disease-associated mutations does not appear to affect cell cycle control or cellular division (Ju et al., 2008) . Although the cellular expression of disease-associated mutant VCP/p97 can recapitulate some of the features that are seen with chemical inhibition or small interfering (si)RNA-mediated knockdown of VCP/p97 activity (e.g. defects in autophagy and endolysosomal sorting), some functions appear to be preserved or are affected to a lesser degree by these mutations (see below) (Weihl et al., 2006; Ju et al., 2008; Ju et al., 2009; Ritz et al., 2011) . However, which of these functions are involved in distinct tissue-specific pathogenesis and subsequent pathogenic phenotypes remains uncertain.
One approach to delineate potential VCP/p97-dependent processes that are altered in disease is to attribute different cellular functions to disease pathologies (see poster for pathologic phenotypes). For example, inclusions containing ubiquitylated proteins are a common pathologic feature found in all mutant VCP/p97 disease-affected tissues . Indeed, VCP disease mutations affect the consolidation of aggregateprone proteins into inclusion bodies and disrupt the autophagic degradation of ubiquitylated proteins, resulting in the accumulation of non-degradative autophagosomes, another common pathologic feature (Ju et al., 2008; Ju et al., 2009; Tresse et al., 2010) . Interestingly, mutations in two other proteins that are necessary for the targeting of autophagic substrates to the autophagosome, the autophagy adaptors p62/SQSTM1 and optineurin, are associated with frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS) and Paget's disease of the bone (PDB), or ALS and PDB, further suggesting that a defect in this process is the underlying basis of VCP/p97-mediated disease pathogenesis (Laurin et al., 2002; Fecto et al., 2011; Rubino et al., 2012) . Some studies have suggested that proteasome-mediated protein degradation is unaffected by disease-associated mutations of VCP/p97 (Griciuc et al., 2010; Tresse et al., 2010; Ritz et al., 2011) , whereas others have found an accumulation of ERAD substrates (Weihl et al., 2006; Janiesch et al., 2007; Erzurumlu et al., 2013) . However, it has not been established whether these
Box 2. Clinical syndromes associated with VCP mutations
The acronym IBMPFD/ALS refers to the four main phenotypes that can affect patients carrying disease-associated mutations of VCP [i.e. inclusion body myopathy (IBM), Paget's disease of the bone (PDB), frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS)]. However, it is important to note that a patient with a pathogenic VCP mutation can have any mixture of phenotypes, including all four phenotypes or just one phenotype in isolation. In addition, a member of the same family can have any combination of phenotypes. An illustrative example comes from one of the first families in which VCP mutations were identified -the five siblings each harbored different phenotypes: sibling 1 with muscle weakness and FTD, sibling 2 with PDB and FTD, sibling 3 with PDB and weakness, sibling 4 with isolated weakness and sibling 5 with weakness, PDB and FTD (Kovach et al., 2001) . As more patients are identified with VCP mutations, the phenotypic spectrum continues to expand. Some carriers of VCP mutation also manifest additional symptoms, including Parkinsonism (Majounie et al., 2012) , ataxia (Shi et al., 2012) (Djamshidian et al., 2009 ). The term 'multisystem proteinopathy' has been proposed as the nomenclature for an emerging family of genetic disorders that are unified by this characteristic variation in the penetrance of muscle, bone and CNS degenerative phenotypes along with the accumulation of ubiquitin and TDP-43-positive inclusions (Benatar et al., 2013; Kim et al., 2013a) .
Although most reported mutations have been found in multiple families or within affected patients of the same family, one should scrutinize the strength of genetic data with regard to some VCP mutations. For example, the R662C mutation is the most Cterminal identified missense mutation and was identified in a single patient with sporadic ALS (Abramzon et al., 2012) . Similarly, the I27V mutation is the only reported variant in exon 2 (Rohrer et al., 2011) . Notably, this mutation has been reported in three patients with degenerative neurological disorders that are consistent with p97/VCP-associated effects, but it was also identified in two normal control patients, suggesting that this mutation might not be fully penetrant or is a risk factor for degenerative disease (Majounie et al., 2012) .
ERAD substrates accumulate owing to impaired proteasome function or autophagy (Kruse et al., 2006) . Pathogenic VCP/p97 mutations have been demonstrated to reduce the interaction of VCP/p97 with caveolin-1 (CAV1), the main component of caveolae, and the cofactor UBXD1 (also known as UBXN6) . In cells, UBXD1 is necessary for the endolysosomal trafficking of ubiquitylated CAV1 . Mice and patients with pathogenic VCP mutations accumulate CAV1-positive endolysosomes and have reduced levels of CAV3, the muscle-specific caveolin, at the sarcolemmal membrane of skeletal muscle (Weihl et al., 2007; Ritz et al., 2011) . Intriguingly, autosomal dominant inherited mutations in CAV3 cause limb girdle muscular dystrophy 1C, which has phenotypic similarities to VCP/p97-associated muscle disease and also shows reduced localization of CAV3 to the sarcolemma (Minetti et al., 1998) . These data suggest that VCP/ p97 might have tissue-specific functions and that the selective disruption of these cellular processes (e.g. CAV3 sorting) leads to tissue-specific phenotypes. Endolysosomal degradation is likely to be more broadly affected in VCP disease pathogenesis, because cells that express mutant VCP/p97 have enlarged late endosomes with absent intraluminal vesicles (ILVs), implicating a defect in multivesicular body (MVB) biogenesis . Deficient MVB biogenesis has been postulated to lead to ALS and FTD. Specifically, autosomal dominant mutations in the 'endosomal sorting complexes required for transport' (ESCRT) protein Chmp2b, which is essential for MVB biogenesis, cause ALS or FTD (Skibinski et al., 2005; Parkinson et al., 2006) .
Other functions of VCP/p97 might explain some of the lesspenetrant phenotypes in patients with VCP-associated disease. For example, a rare subset of patients with VCP mutations has Parkinsonism, indicative of substantia nigra pathology (Chan et al., 2012; Majounie et al., 2012; Spina et al., 2013) . Several of the proteins that are mutated in early onset familial Parkinson's disease are necessary for the degradation of mitochondria by autophagy, these include both Pink1 and Parkin (Kitada et al., 1998; Valente et al., 2004) . VCP/p97 participates in this pathway through its extraction and degradation of the outer mitochondrial membrane proteins mitofusin-1 and mitofusin-2 following their ubiquitylation by the E3 ligase Parkin (Tanaka et al., 2010) . Disease-associated mutations of VCP/p97 abrogate Parkindependent mitophagy (Kim et al., 2013b) ; however, it is unknown whether a specific defect in mitophagy can explain the Parkinson's phenotype in these particular patients.
VCP mutations are not the only genetic cause of a multisystem degenerative phenotype encompassing muscle, brain and bone (Waggoner et al., 2002; Kottlors et al., 2010) . For example, mutations in two paralogous RNA-binding proteins, hnRNPA1 and hnRNPA2B1 were found to cause a clinically indistinguishable syndrome but without VCP mutations (Kim et al., 2013a) . Diseasecausing mutations in these RNA-binding proteins result in their aggregation and accumulation in affected tissues. Moreover, these disease-associated mutations lead to the enhanced formation of stress granules that contain hnRNPA1 and hnRNPA2B1 (Kim et al., 2013a) . Similarly, pathogenic mutations in VCP/p97 impair the degradation of these stress granules, a process that has been termed 'granulophagy' (see below), suggesting a genetic and pathogenic link between VCP/p97 dysfunction and stress granule clearance (Buchan et al., 2013) . This finding is particularly interesting because TAR DNA-binding protein 43 (TDP-43, also known as TARDBP), another RNA-binding protein with homology to hnRNPA1 and hnRNPA2B1 and also a stress granule component, is a sensitive marker of degeneration-associated nerve and muscle pathology (Neumann et al., 2007; Weihl et al., 2008) . Interestingly, autosomal dominant mutations in some RNAbinding proteins, such as TDP-43 and FUS, lead to ALS and FTD (Sreedharan et al., 2008; Kwiatkowski et al., 2009) , whereas mutations in others, such as TIA-1 and hnRNPDL cause myopathies with IBM-like pathology (Hackman et al., 2013; Vieira et al., 2014) . This further demonstrates that disruption of the aggregation or processing of RNA-binding proteins into RNA granules can lead to a broad range of phenotypes, affecting muscle, brain and bone.
Emerging roles in the translational stress response and mRNP remodeling
The RNA-related phenotypes in VCP/p97-associated disease are in line with a number of exciting new reports that link VCP/ p97 to post-transcriptional regulation and co-translational degradation, albeit the evidence is, so far, mostly from budding yeast. Protein quality control begins at the ribosome when translation is jeopardized due to defective mRNAs, including those with premature stop codons or lacking stop codons (LykkeAndersen and Bennett, 2014) . This is particularly relevant in cancer cells and in aging cells, where the number of aberrant mRNAs increases due to accumulating mutations. In budding yeast, the ribosome-associated ubiquitin ligase Ltn1 (also known as Rkr1) has been identified as a key player in the ubiquitylation of aberrant translation products that stem from defective mRNA and has been shown to initiate their degradation by the proteasome (Bengtson and Joazeiro, 2010) . Consistent with this, mutations in the mouse Ltn1 ortholog listerin cause a neurodegenerative phenotype (Chu et al., 2009) . Three other reports have also linked Cdc48, the budding yeast homolog of VCP/p97 to this process. Two groups identified a quality control complex that comprises Ltn1, two accessory proteins (Tae2 and Rqc1) and Cdc48 along with the heterodimeric Ufd1-Npl4 cofactor, which associates with the 60S subunit of the ribosome under conditions of translational stress (Brandman et al., 2012; Defenouillère et al., 2013) . In cells with mutations in Cdc48 or Ufd1-Npl4, non-stop reporter proteins are stabilized and accumulate on the ribosome in a ubiquitylated form (Brandman et al., 2012; Verma et al., 2013) . Mechanistically, Cdc48 is recruited to ribosomes by Ltn1-mediated protein ubiquitylation, thus enabling Cdc48 to extract ubiquitylated polypeptides from ribosomes even in the absence of proteasome activity. This model is consistent with a function of Cdc48/p97 downstream of ubiquitylation and upstream of the proteasome (Verma et al., 2013) .
Ribosomes themselves can also be subject to quality control, specifically through the so-called non-functional rRNA decay pathway that is triggered by damage to rRNA (Lykke-Andersen and Bennett, 2014) . Ohno and colleagues recently discovered that this process is mediated by Cdc48 and the proteasome (Fujii et al., 2012) . They showed that ribosomes with defective 25S rRNA in the 60S subunit are selectively ubiquitylated by a ubiquitin ligase complex containing Mms1 and Rtt101. Subsequently, the Cdc48-Ufd1-Npl4 cofactor complex separates the 60S subunit from the ribosome and facilitates the degradation of ubiquitylated ribosomal proteins by the proteasome (Fujii et al., 2012) . It is tempting to speculate that Cdc48 does this by disassembling the individual components of the 60S subunit. This process is different from starvation-induced degradation of ribosomes in the lysosome (termed 'ribophagy'), which is also governed by Cdc48 (Ossareh-Nazari et al., 2010) . Unlike nonfunctional rRNA decay, ribophagy requires the Cdc48 cofactor Ufd3 (also known as Doa1) (Fujii et al., 2012; Ossareh-Nazari et al., 2010) , suggesting that the VCP/p97 system can decide the fate of substrates through degradation by either the proteasome or autophagy.
VCP/97 not only acts on ribosomes, but also directly disassembles mRNA-protein complexes (mRNPs) that control transport and stability of mRNAs. For instance, Lou and colleagues found that one of the most abundant mRNP proteins, HuR, is modified with non-degradative ubiquitin chains that are linked through lysine-29 by a currently unidentified ligase (Zhou et al., 2013) . Ubiquitylated HuR is then bound and extracted from the mRNP by VCP/p97 in complex with the ubiquitin adaptor and VCP/p97 cofactor UBXD8 (also known as FAF2), leading to the subsequent destabilization of the mRNA and recycling of HuR. Interestingly, UBXD8 is inserted into ER membranes through a hairpin membrane domain and, along with VCP/p97 and the Ufd1-Npl4 heterodimer, also participates in ERAD (Stolz et al., 2011) . This raises the possibility that mRNP disassembly and ERAD use a similar machinery at the ER membrane and might even be functionally linked. Notably, the first phenotypes that were associated with Npl4 deficiency in budding yeast included an mRNA export defect and aberrant mRNA accumulation in the nucleus (DeHoratius and Silver, 1996) , suggesting that Ufd1-Npl4 might also help to remodel mRNPs in the nucleus for the appropriate processing and export of mRNA.
Global inhibition of protein translation leads to the accumulation of mRNPs in 'stress granules' or 'P bodies' within the cytoplasm. They both serve as means of halting mRNA translation and mediating RNA decay. Unlike mRNP disassembly, which leads to proteasomal degradation of mRNPs, stress granules are cleared by an autophagy-related process, granulophagy, involving Cdc48/p97 (Buchan et al., 2013) . Indeed, stress granules colocalize with autophagy markers and their clearance is sensitive to the mutation of autophagy genes (Buchan et al., 2013) . The molecular role of Cdc48/p97 in this process is still unclear, but Cdc48/p97 has been shown to localize to stress granules and mediate their targeting to lysosomes (Buchan et al., 2013) , which is consistent with a function in an early step of autophagosome maturation, at least in yeast (Krick et al., 2010) . Moreover, expression of a diseaseassociated VCP/p97 mutant delays granulophagy (Buchan et al., 2013) . Buchan and colleagues also found evidence for an involvement of Ubx2, the ortholog of UBXD8 in budding yeast, and Ufd1-Npl4 in the process. The involvement of these cofactors in granulophagy certainly requires further clarification because the same cofactors have been associated with proteasome-mediated processes, including ERAD (Stolz et al., 2011) and mRNP disassembly (see above).
Taken together, these recent findings have further broadened the significance of VCP/p97 in cell physiology to the areas of RNA regulation and translational stress response. Although the relevance of some of these findings still needs to be confirmed in mammalian systems, defects in any of these processes might, in principle, contribute to the observed disease pathologies. Among the pathways that are linked to RNA, granulophagy likely plays a major role in pathogenesis along with other defects in the autophagy and endolysosomal pathways.
Perspectives
In the past decade, the central roles of VCP/p97 in numerous aspects of cellular physiology have been established, and its importance has been validated with the identification of diseaseassociated mutations of VCP/p97. Future studies must define the exact mechanism of VCP/p97 function at the molecular and structural level and, more specifically, that of its cooperation with the network of VCP/p97 cofactors on a systems biology level. In parallel, VCP/p97 studies need to move from observations in single cells towards an understanding of its relevance in the whole organism. This is particularly important as therapeutic compounds aimed at modulating VCP/p97 function move into human clinical trials.
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